This article discusses the traditional stiffness characterization of sheet metal, examined the impact sensitivity of general cover panel geometry to the sheet metal stiffness, and determines the main factors affecting it. The sheet metal stiffness was characterized using both material and geometry properties. Extensive study was conducted on the effects of boundary constraints to the sheet metal stiffness, along with analysis of same range center stiffness variations due to different size boundaries and positions. These research results showed that for automotive body panels, internal bulge or dent geometric feature is the most sensitive factor affecting its stiffness, as long as its height is within the range of (10 ~ 25) mm. Under unilateral constraint conditions, the sheet metal stiffness exhibits a logarithmic relationship with respect to material and geometry properties; under bilateral constraint conditions it's linear. The stiffness in the same size range is basically the same even when the boundary dimensions are different. Within the same sheet metal, the stiffness in the same size range is the minimum around the edges, and basically is the same across the internal regions. This research work provided significant insights and guidance to the optimization of the main body section design, as well as the improvement on the assembly precision of body panels.
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INTRODUCTION *
Classical mechanics defines a sheet metal when its thickness of the plate t is equal to or less than the minimum size of 1/5 of the intermediate surface [1] . Car BIW (Bodyin-White) is assembled with multiple complex spatial thinwalled sheets and shells through welding. Stiffness is one of the key performance characters for cover panel, which is defined as the ability to resist external load beyond the elastic deformation limits. With the development of automobile weight reduction, ultrathin and high strength sheet metals are more widely used, thus the cover panel stiffness has received increasingly focused attention [2, 3] .
Insufficient stiffness may result in poor shape precision (susceptible to deformation after assembly), generate noises and vibrations when the car is in motion, and lower comfort levels [4] . Auto body weight reduction materials could easily cause increased springback of sheet metal, which makes it crucial to optimize geometric characteristics to improve the stiffness during the main body section design. It also increases the difficulty of the body assembly precision control. Thus it's fair to say that sheet metal stiffness affects the entire process of auto body panels, from design to manufacturing.
Stefan Holmberg [5] studied four material properties affecting sheet stiffness, and concluded that stress, strain, yield stress and others all have a major impact on the stiffness. Gunnar Ekstrand [6] tested various sheet stiffness, and found that the stiffness increases with thickness (as expected). Boundary conditions have a * Corresponding author. Tel.: +86-029-83399061-605; fax.: +86-029-83399133. E-mail address: wuhy@mail.xjtu.edu.cn (H. Wu) relatively large effect on stiffness: higher stiffness is expected when more boundary constraints are in place, and lower stiffness when more springback. Boundary conditions in this paper mean the locating and clamping methods and dimensions of sheet metal.
In general, fixture elements can be classified by functionality into locators and clamps. Cai etc. proposed the N-2-1 fixture principle for compliant sheet metal parts. They concluded that in order to locate and support compliant sheet metal parts, it is necessary to provide more than three locators in the primary plane due to part flexibility [7] . This indicates that boundary constraint conditions will affect stiffness of sheet metal. Fixture layout has been researched extensively. A series of remarkable achievements on boundary conditions for improving assembly quality and efficiency have been got by complex algorithm optimization and program [8 -12] . But fundamental relationship between stiffness and complex boundary conditions is studied little.
Xiao Jie et.al. [13] studied the relationships between BIW stiffness and auto body panel geometric properties, and discovered their relatively strong nonlinear relationships. These case studies showed that sheet stiffness is not only dependent on close relationships with the material properties, but also is affected directly by the sheet geometry characteristics and boundary conditions. However there still lacks accurate mathematical models that combine both material properties and geometric characteristics.
As we all know, if the stiffness of thin sheet increases significantly after additions of other characteristics, it's an effect not only caused by stress, strain, hardening and so on, but also by geometric characteristics and boundary conditions of the sheet. At locations of low stiffness on the cover panel, flexibility is larger and thus can accommodate larger assembly errors, so it may be desirable for process since this allows the compensation for error, or relaxation of tolerance limits. On the other hand, areas with higher stiffness will experience difficult adjustment of part flexibility, whose tolerance limit must be kept tight in order to ensure proper assembly.
Therefore, this paper focuses on studying the effect to the stiffness of steel sheet geometry dimensions and boundary conditions, analyzing the sensitivity of common cover panel geometric features on stiffness. The effects of geometry dimensions on stiffness are analyzed by methods of simulation and experiments. Accurate stiffness characterization model is built taking into consideration of material properties. The effects of sheet different boundary range and location on the stiffness are also explored.
STIFFNESS
The conventional definition for symbols is introduced before the stiffness is characterized: K -stiffness (N/mm); F -load force (N); δ -displacement (mm); E -elastic modulus (N/mm 1) General definition [14] : Stiffness is defined as the ability to resist deformation of the component; in other words, the force required to generate unit displacement:
2) Material mechanics [14] : When material mechanics is brought to the discussion of stiffness, it usually includes both bending stiffness and torsion stiffness. In this paper, we primarily deal with the bending stiffness, which is defined as:
(2) 3) Elastic mechanics, theory of plates and shells characterization [15, 16] :
Bending stiffness of sheet is defined by elastic mechanics, theory of plates and shells as follows:
4) Literature research [2, 6] : Stiffness of common hyperbolic geometry for outer cover panel was characterized in the literature as:
The units of stiffness from equations (1) - (4) are N/mm, N·m 2 , N·m and N/mm. It's obvious that stiffness can be evaluated on different characteristics under different scenarios. Equation (1) is the general expression of stiffness. Equation (2) is mainly used to characterize the stiffness of structure member. Equation (3) mainly refers stiffness of plates and shells, it includes some material properties while information of boundary condition and geometric characteristic are not included. Equation (4) mainly refers to stiffness of common hyperbolic geometry for outer cover panel, and it still based on equation (1) . So the stiffness in this paper is characterized by equation (1), while at the same time taking into consideration of elements from equations (2) and (3) .
SENSITIVITY OF STIFFNESS DUE TO COVER PANEL BOUNDARY AND INTERNAL GEOMETRY FEATURES
Cover panel has complex geometry features, which include curved surface, flanging and internal bulge or dent areas, etc., and the dimensions vary widely. Based upon these characteristics, a typical cover panel containing flanging and internal structure (see Fig. 1 ) is used to research the sensitivity of geometry features on stiffness by analyzing the sheet offset. This design will disregard the influences caused by the changes of material thickness. Orthogonal test method is a scientific calculation based on professional and technical knowledge, empirical research, probability theory and mathematical statistics. It sets up experiment scheme by using standardized orthogonal table to lower the number of experiments, and reduce the test cycle. The test results are analyzed to efficiently and effectively determine the optimization scheme [17] . Nine independent dimensions of Fig. 1 are considered as factors. When H2 is positive, the characterization is bulge; dent when H2 is negative.
Based on the common dimensions of a cover panel, they are set as 8 levels (unit of mm). With the stiffness value as the goal, nine-factor and eight-level orthogonal test table is set up to analyze the effect sensitivity of feature dimensions on stiffness, and derive the relationship between geometry features and stiffness. L 64 ( 8 9 ) is chosen after reviewing the standard orthogonal table. Orthogonal  test table head is designed as Table 1 .
An orthogonal test simulation model is built as illustrated in Fig. 2 , with the testing goal of the stiffness (acquired by equation (1)) along Z direction where there is a load applied. The simulation is run on the finite element analysis software ANSYS. E and v are set as 2.068E5 and 0.3 respectively. Shell63 element is used. Experiment scheme and results are shown in Table 2 . The order of influence among these factors is determined by R. The factor level L  L2  L3  L4  L5  H1  H2  H3  H4   1  30  300  30  30  20  0  -20  0  0  2  70  500  60  70  40  5  -15  5  10  3  110  700  90  110  60  10  -10  10  20  4  150  900  120  150  80  15  -5  15  30  5  190  1100  150  190  100  25  0  25  40  6  230  1300  180  230  120  35  5  35  50  7  270  1500  210  270  140  80  10  80  60  8  310  1700  240  310  160  130  15 130 70 The sequence of factors H2 > L3 > H4 > H1 > L1 > L5 > L4 > H3 > L2
Note: Ki is the indicator sum of each factor in i level, ki = Ki/8; range R = ki max -ki min .
value change has more influence on test index when its R is larger, so that factor is more important. The analysis results show that the factors affecting order is H2 > L3 > H4 > H1 > L1 > L5 > L4 > H3 > L2 in this model. This indicates that internal structural features of the cover panel are the most important factors affecting stiffness. Thus adding features on inner sheet metal is the most immediate and effective approach to improve the stiffness of cover panel. Flanging structure in cover panel edge can effectively improve its stiffness, too, when it's used to connect parts of spot welding assembly.
INFLUENCE OF FLANGING STRUCTURE ON SHEET STIFFNESS

Influence of dimension changes on sheet stiffness
The most sensitive feature of Fig. 2 , L, is extracted and set as sheet length. B is width and H is height. The principal moment of inertia is used to quantify sheet shape, and its influence on stiffness is studied. When B and L values are small, H can be regarded as the internal structure height of cover panel; when B and L are larger, H can be regarded as the edge flanging height of cover panel. Drawing in Fig. 3 , a, represents the condition of unilateral constraint with a load along edge midpoints, and Fig. 3 According to the general internal geometric feature size, these free combination dimensions are used (total combination amount is 200, unit: mm ): Under the same heights, Fig. 4 , a and b, show that the trend of stiffness changes is similar to that of B and L variation: when B and L values are increased, stiffness drops, which can be manifested by the dramatic changes in Fig. 4, b; under different heights, Fig. 4, a, shows that L and B have slightly different effects on the trend of stiffness variation, while Fig. 4, b, indicates that the influence on the stiffness by L and B values is almost negligible.
Moment of inertia refers to the integral cross-section of each element area, and the product of a specified axis of each element to the cross section from the quadratic. It's a measure of an object's resistance to any change in its state of rotation. The moment of inertia for X axis is defined
. The center of a'b'c'd' (see Fig. 5 ) is regarded as the coordinate origin O to establish one coordinate system. The moment of inertia is calculated by dividing the sheet metal section into three parts (equation (6)). Fig. 4 . The trends are almost the same with different height values. When the constraint is unilateral, the relationship is logarithmic:
When the constraint is bilateral, the relationship is linear: . WDW-50 microcomputer control electronic universal testing machine is used as the test facility. The plate stiffness is measured using a hemispherical head punch of diameter is 12.7 mm [18] . Stiffness experimental data of unilateral constraint and bilateral constraint (see Fig. 7 ) are compared with finite element simulation results (see Fig. 8 ), and the conclusions can be acquired as follows:
1) The experimental data and simulation results are almost consistent, it proved that the simulation results are credible.
2) Under unilateral constraint, the stiffness of sheet increasing rapidly with increasing the flanging height.
3 Sheet metal exhibits different stiffness under different boundary constraints. When a larger sized sheet is clamped at multiple locations, it becomes equivalent to the case as if the sheet is divided into many small ranges, and thus causing redistribution of stiffness. Based on this principle, it's worthwhile to study the relationship between individual size ranges with respect to the entire sheet to be divided, as this can provide optimization base for larger sized sheet panel clamped and fixed in the assembly process. Fig. 9 shows an example of a simulation study (units in millimeters): the sheets with a thickness of 0.7, length and width of 800 × 800, 400 × 400, 200 × 200, 100 × 100 respectively, are constrained along the boundaries. The center stiffness of 100 × 100 range is simulated and analyzed.
From the results (Fig. 10) we can conclude that the center stiffness is the lowest in 100 × 100 size range, when it is equal to boundary dimension (this sheet is then defined as an independent single sheet. When the boundary dimension of a sheet is just same as the size range which is needed to be analyzed, the sheet is defined as independent single sheet for this size range. For example, if the stiffness of size range 100 × 100 is needed to be analyzed, a sheet with boundary dimension of 100 × 100 is called an independent single sheet for it.). When the boundary dimension is increased, the center stiffness of 100 × 100 size range increases about 1.25 times of an independent single sheet of 100 × 100. In boundary dimensions of 200 × 200,400 × 400 and 800 × 800, the center stiffness in 100 ×v100 range is almost the same. Thus it can be concluded that under different boundary dimensions, the stiffness is equal in the same range. A sheet of 800 × 800 is divided into 50 × 50 unit cells, and the center stiffness kij of 100 × 100 range from all cells is simulated in Fig. 11 , a, with i = {-350, -300, -250, …, 250, 300, 350} and j = {50, 100, 150, …, 650, 700, 750}. Analysis results (Fig. 11, b) show that in 800 × 800 range, stiffness on peripheral edges of 100 × 100 range is relatively low, with its minimum at the four corners of the sheet; while in the interior of the100 × 100 range, the stiffness basically is the same.
With the calculations from Fig. 10 , we can propose that the center stiffness in 100 × 100 range is the lowest when it is equal to boundary dimensions; for large sized sheet, stiffness is redistributed when it is constrained and fixed at various positions. Edge stiffness of the same range is about N times of an independent single sheet. Multiple dimensions are analyzed and the value of N is found to be between 1.0 and 2.0. The internal stiffness value in the same range has little difference, which is about 1.5 times of the independent single sheet. 
CONCLUSIONS
The following conclusions can be obtained from this study:
1) The bulge or dent geometry character is the most sensitive effect factor on cover panel stiffness.
2) The variation of bulge or dent structure dimensions has important influence on stiffness. Stiffness is integrated characterized by material properties and geometric properties by comparing classical mechanics. Under unilateral constraint, the relationship of and is logarithmic; under bilateral constraint, the relationship is linearity. Length and width have non-linearity inverse relationship with stiffness. Bigger height, bigger stiffness, while in certain length and width, continue increasing height has little effect on stiffness increasing. For 1 × 0.6 (meter) range sheet metal, the proper height which can improve stiffness effectively would be (10 ~ 25) mm after researching the geometric size in this range.
3) Constraints more, stiffness higher. A big size sheet metal in multiple constraint can be regarded as which is divided into a plurality of small size range. The stiffness is a combination of these small size range. The stiffness in the same range are almost the same although the boundary dimensions are different, and they are all about 1 ~ 2 times when the range is equal to its boundary dimensions. Within the same sheet, the stiffness in edge is the smallest and interior is consistent.
